We report recent results of the Dalitz plot analyses of D and DS decays performed by the BABAR collaboration, and point out some of the important applications of these results.
INTRODUCTION
The amplitudes describing D and D s meson weak decays into final states with three pseudo-scalers are dominated by intermediate resonances that lead to highly nonuniform intensity distributions in the available phase space. The results of the Dalitz plot analysis of these decays are playing increasingly important role in flavor physics, particularly in the extraction of the CP -violating phase γ = arg (−V ud V * ub /V cd V * cb ) of the quark mixing (i.e., CKM) matrix by exploiting interference structure in the D Dalitz plot from the decay B ± → DK ± [1] and in the measurement of D 0 -D 0 mixing parameters.
DETECTOR
We perform these analyses using e + e − collision data collected at and around 10.58 GeV center-of-mass (CM) energy with the BABAR detector [2] at the PEP-II storage ring. Tracking of charged particles is provided by silicon detector and a drift chamber operating in a 1.5-T magnetic field. Particle types are identified using specific ionization energy loss measurements in the two tracking devices and Cherenkov photons detected in a ring-imaging detector. The energy of photons and electrons is measured with an electromagnetic calorimeter. In case of neutral D-meson decays, we distinguish D For each decay mode, we estimate the signal efficiency as a function of position in the Dalitz plot using simulated signal events generated uniformly in the available phase space, subjected to the same reconstruction procedure applied to the data, and corrected for differences in particle-identification rates in data and simulation.
DALITZ PLOT PARAMETRIZATION
The complex quantum mechanical amplitude A that describes decays to three particles A, B and C in the * Email:kalanand@slac.stanford.edu final state can be characterized as a coherent sum of all relevant quasi-two-body D/D s → (r → AB)C isobar model resonances, A = r a r e iφr A r (s). Here s = m 2 AB , and A r is the resonance amplitude. We obtain the coefficients a r and φ r from a likelihood fit. The probability density function for signal events is |A| 2 .
Unless stated otherwise, for S-, P-, and D-wave (spin = 0, 1, and 2, respectively) resonant states we use the Breit-Wigner amplitude:
where M 0 (Γ 0 ) is the resonance mass (width) [3] , L is the angular momentum quantum number, p is the momentum of either daughter in the resonance rest frame, and p 0 is the value of p when s = M 2 0 . The function F L is the Blatt-Weisskopf barrier factor [4] : F 0 = 1, F 1 = 1/ 1 + Rp 2 , and F 2 = 1/ 9 + 3Rp 2 + Rp 4 , where we take the meson radial parameter R to be 1.5 GeV −1 . The quantity M L is the spin part of the amplitude:
where p i is the 3-momentum of particle i in the resonance rest frame. The fit fraction for a resonant process r is defined as
where dτ is a phase-space element. Due to interference among the contributing amplitudes, the f r do not sum to one in general. In all cases, we model small incoherent background empirically from data.
ANGULAR MOMENTS
For D and D s decays to three spinless particles, the Dalitz plot uniquely represents the kinematics of the final state. The angular distributions provide further information on the detailed event-density variations in various regions of the phase space in a different form. We define the helicity angle θ H for decays D 0 → (r → AB)C as the angle between the momentum of A in the AB rest frame and the momentum of AB in D 0 rest frame. The moments of the cosine of the helicity angle, Y 0 l (cos θ H ), are defined as the efficiency-corrected invariant mass distributions of events when weighted by spherical harmonic functions
where m is the invariant mass of the AB system and the P l are Legendre polynomials of order l:
These angular moments have an obvious physical significance. Since spherical harmonic functions are the eigen-functions of the angular momentum, the Dalitz plot of a three-body decay can be represented by the sum of an infinite number of spherical harmonic moments in any two-body channel. In a region of the Dalitz plot where S-and P-waves in a single channel dominate, their amplitudes are given by the following Legendre polynomial moments,
where |S| and |P | are, respectively, the magnitudes of the S-and P-wave amplitudes, and θ SP = θ S − θ P is the relative phase between them. It is worth noting that this partial-wave analysis is valid, in the absence of higher spin states, only if no interference occurs from the crossing channels.
can provide information on the Kπ S-wave amplitude in the mass range 0.6-1.4 GeV/c 2 , and hence on the possible existence of the κ(800), reported to date only in the neutral state (κ 0 → K − π + ) [6] . If the κ has isospin 1/2, it should be observable also in the charged states.
Results of the present analysis can be an input for extracting the CKM phase γ by exploiting interference in the Dalitz plot from the decay
. We perform the analysis on 385 fb −1 data using the same event-selection criteria as in our measurement of the branching ratio of the decay [7] . To minimize uncertainty from background shape, we choose a high purity (∼98%) sample using 1855 < m D 0 < 1875 MeV/c 2 , and find 11278 ± 110 signal events. The Dalitz plot for these events is shown in Fig. 1(a) . 
The circles with error bars are data points and the curves (red) are derived from the fit functions.
For D 0 decays to K ± π 0 S-wave states, we consider three amplitude models: LASS amplitude for [8, 9] , the E-791 results for the K − π + S-wave amplitude from a partial-wave analysis of the decay D
, and a coherent sum of a uniform nonresonant term plus Breit-Wigner terms for κ(800) and K * 0 (1430) resonances. In Fig. 2 we compare the Kπ S-wave amplitude from the E-791 analysis [10] to the LASS amplitude. The LASS Kπ S-wave amplitude gives the best agreement with data and we use it in our nominal fits (χ 2 probability 62%). The Kπ S-wave modeled by the combination of κ(800) (with parameters taken from Ref. [6] ), a nonresonant term and K * 0 (1430) has a smaller fit probability (χ 2 probability < 5%). The best fit with this model (χ 2 probability 13%) yields a charged κ of mass (870 ± 30) MeV/c 2 , and width (150 ± 20) MeV/c 2 , significantly different from those reported in Ref. [6] for the neutral state. This does not support the hypothesis that production of a charged, scalar κ is being observed. The E-791 amplitude [10] describes the data well, except near threshold. We use it to estimate systematic uncertainty in our results.
We describe the D 0 decay to a K − K + S-wave state by a coupled-channel Breit-Wigner amplitude for the f 0 (980) and a 0 (980) resonances, with their respective couplings to ππ, KK and ηπ, KK final states [9] . Only the high mass tails of f 0 (980) and a 0 (980) are observable, as shown in Fig. 3 .
We find that two different isobar models describe the data well. Both yield almost identical behavior in invariant mass (Fig. 1b-1d ) and angular distribution (Fig. 4) . are given by:
• (syst) and r D = 0.599 ± 0.013 (stat) ± 0.011 (syst) [9] . Systematic uncertainties in quantities in Table I arise from experimental effects (e.g., efficiency parameters, background shape, particle-identification), and also from uncertainty in the nature of the models used to describe the data (e.g., Kπ S-wave amplitude and resonance parameters).
We show the Legendre polynomials moments in Fig. 4 for the K + π 0 and K − K + channels, for l = 0 − 7. We use the relations of Eq. 5 to evaluate |S| and |P | shown in 
DALITZ PLOT ANALYSIS OF
An important component of the program to study CP violation is the measurement of the angle γ of the unitarity triangle related to the Cabibbo-KobayashiMaskawa quark mixing matrix. The decays B → D ( * )0 K ( * ) can be used to measure γ with essentially no hadronic uncertainties, exploiting interference between b → ucs and b → cus decay amplitudes. The most effective method to measure γ has turned out to be the analysis of the D-decay Dalitz plot distribution in B ± → DK ± with multi-body D decays [13] . This method has only been used with the Cabibbo-favored decay D → K 0 S π + π − [14, 15] . We perform the first CP -violation study of B ± → DK ± using a multibody, Cabibbo-suppressed D decay, D → π + π − π 0 . We determine the parameters a r , φ r , and f r by fitting a large sample of D 0 and D 0 mesons, flavor-tagged through their production in the decay D * + → D 0 π + [7] . Of the D candidates in the signal region 1848 < m D 0 < 1880 MeV/c 2 , we obtain from the fit 44780 ± 250 signal 
and 830 ± 70 background events. Table II summarizes the results of this fit, with systematic errors obtained by varying the masses and widths of the ρ(1700) and σ resonances and the form factors, and also varying the signal efficiency parameters to account for uncertainties in reconstruction and particle identification. The Dalitz plot distribution of the data is shown in Fig. 6(a-d) . The distribution is marked by three destructively interfering ρπ amplitudes, suggesting a final state dominated by I = 0 [16] . We show the Legendre polynomials moments in Fig. 7 for the π + π 0 and π − π + channels, for l = 0 − 7. The agreement between data and fit is again excellent. Unlike in case of the decay in the entire available mass-range. 
FIG. 8: (a) TheD
The curves are the model fit projections.
DALITZ PLOT ANALYSIS OF
The Dalitz plot analysis of the decay D 0 → K 0 S π + π − is also motivated by its application to the measurement of CKM phase γ [17] . We determine the The decay amplitude is expressed as a coherent sum of two-body resonant terms and a uniform non-resonant contribution. For r = ρ(770) and ρ(1450) we use the functional form suggested in Ref. [18] , while the remaining resonances are parameterized by a spin-dependent Table III ), plus the non-resonant contribution, and accounts for efficiency variations across the Dalitz plane and the small background contribution. All the resonances considered in this model are well established except for the two scalar ππ resonances, σ and σ ′ , whose masses and widths are obtained from our sample [19] . Their addition to the model is motivated by an improvement in the description of the data.
The possible absence of the σ and σ ′ resonances is considered in the evaluation of the systematic errors. In this respect, the K-matrix formalism [20] provides a direct way of imposing the unitarity constraint that is not guaranteed in the case of the Breit-Wigner parametrization and is suited to the study of broad and overlapping resonances in multi-channel decays. We use the K-matrix method to parameterize the ππ S-wave states, avoiding the need to introduce the two σ scalars. A description of this alternative parametrization can be found in Ref. [21] . 
DALITZ PLOT ANALYSIS OF D
We study the decay D
+ using a data sample of 240 fb −1 . We focus particularly on the measurement of the relative decay rates
. The decay D + s → φ(1020)π + is frequently used as the D + s reference decay mode. The improvement in the measurements of these ratios is therefore important. A previous Dalitz plot analysis of this decay used ∼ 700 signal events [22] . We perform the present analysis using a number of signal events more than two orders of magnitude larger.
We reconstruct the decay by fitting the three charged tracks in the event to a common vertex, requiring the χ 2 probability to be greater than 0.1%. We cleanly remove a small background from the decay
In Fig. 9 we show the invariant mass distribution of the reconstructed D 
The dots with error bars are data points and the curves are derived from the fit functions. The results are preliminary.
Decay Mode Decay fraction(%)
Amplitude Phase(radians)
1.081 ± 0.006 ± 0.049 2.56 ± 0.02 ± 0.38 f0(980)π Fig. 10 . In the K + K − threshold region, a strong φ(1020) signal can be observed, together with a rather broad structure indicating the presence of the f 0 (980) and a 0 (980) S-wave resonances. A strong K * 0 (890) signal can also be seen. We perform an unbinned maximum likelihood fit to determine the relative amplitudes and phases of intermediate resonant and nonresonant states. The complex amplitude coefficient for each of the contributing states is measured with respect to K * 0 K + . We summarize the fit results in Table IV showing fit-fractions, amplitudes, and phases of the contributing resonances. The projections of the Dalitz plot variables in data and the ones from the fit results are shown in Fig. 10 . Further tests on the fit quality can be estimated using Y 0 L angular moments. These moments are shown for the K + K − and K − π + channels in Fig. 11 . The agreement between the data and fit is excellent. We find a rather large contribution from the f 0 (980)π + , but with a large systematic uncertainty due primarily to a poor knowledge of the shape parameters of f 0 (980) and higher f 0 states.
From the fit-fraction values reported in Table IV, 
CONCLUSIONS
we have studied the amplitudes of the decays
Dalitz plot analysis, we measure the strong phase difference between the D 0 and D 0 decays to K * (892) + K − and their amplitude ratio, which will be useful in the measurement of the CKM phase γ. We observe contributions from the Kπ and K − K + scalar and vector amplitudes, and analyze their angular moments. We find no evidence for charged κ, nor for higher spin states. We also perform a partial-wave analysis of the K − K + system in a limited mass range. We measure the magnitudes and phases of the components of the D 0 → π + π − π 0 decay amplitude, which we use in constraining the CKM phase γ using B ± → D π + π − π 0 K ± . We measure the amplitudes of the neutral D-meson decays to the K .
